Anti-bunched photons from a lateral light-emitting diode 
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We demonstrate anti-bunched emission from a lateral-light emitting diode. Sub- 
Poissonian emission statistic, with a g( 2 )(0)=0.7, is achieved at cryogenic temperature 
in the pulsed low-current regime, by exploiting electron injection through shallow im- 
purities located in the diode depletion region. Thanks to its simple fabrication scheme 
and to its modulation bandwidth in the GHz range, we believe our devices are an ap- 
pealing substitute for highly-attenuated lasers in existing quantum-key-distribution 
systems. Our devices outperform strongly-attenuated lasers in terms of multi-photon 
emission events and can therefore lead to a significant security improvement in ex- 
isting quantum key distribution systems. 
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Quantum key distribution (QKD) makes it possible to achieve intrinsically-secure infor- 
mation sharing even through insecure classical communication channels^. QKD robustness 
was demonstrated both theoretically and experimentally, and today complete quantum cryp- 
tographic systems are commercially available 2 -^. Most QKD protocols rely on the assump- 
tion that each bit forming the encrypt ion- decrypt ion key is coded in the state of a quantum 
system, typically a single photon, which can be manipulated and transmitted by standard 
optical-telecommunication techniques. 

In the literature several devices were proposed as ideal photon sources for QKD. Among 
them we would like to mention the electrically driven single-photon source^ based on quan- 
tum dot which emits light strongly antibunched (g^ 2 \0) < 0.13 ± 0.05) and with high col- 
lection efficiency (34%)£, but suffer from a slow and difficult fabrication procedure. To date 
most of the practical realizations are based on weak coherent pulses (WCPs)^ generated 
by strongly-attenuated lasers. WCPs are just an approximation to true single-photon pulses 
and consequently allow eavesdropping by photon- number splitting (PNS). In order to pre- 
serve transmission security with WCP sources, the average number of photons per pulse need 
be decreased. This leads to a reduced transmission rate and to a reduced achievable safe- 
transmission distance in lossy channels (or the implementation of PNS-robust techniques, 
e. g. decoy-states-based protocols^). 

In this letter we present a lateral light-emitting diode (LLED), in which anti-bunched 
emission is achieved in the low-current pulsed-injection regime. This device architecture 
is based on a very simple fabrication and operation scheme^ and offers high modulation 
bandwidth in the GHz range^ 1 ^. As a consequence we believe the present approach is 
very appealing as a substitute for highly-attenuated lasers that can be readily exploited in 
existing QKD systems. 

Our devices were realized starting from a p-type modulation doped Alo.33Gao.67As/GaAs, 
heterostructure containing a 2-dimensional hole gas (2DHG) (the calculated charge density 
is 1.0 ■ 10 11 cm -2 at 4 K temperature) confined by a 20 nm-wide quantum well (QW). The 
heterostructure was processed into mesas and p-tjpe Au/Zn/Au annealed Ohmic contacts 
(5/55/100 nm) were thermally evaporated to provide electrical access to the 2DHG. The n- 
type region of the LLEDs was fabricated by removing the p-doping layer in a portion of the 
mesa by means of a wet-etching procedure and by evaporating a self-aligned annealed n-type 
Ni/AuGe/Ni/Au (10/180/10/100 nm) Ohmic contact. The AuGe alloy provides donors to 
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the host heterostructure generating an electron gas beneath the metal pad (Fig. 1(a)). 

The actual formation of a lateral p-n junction within the well at the interface between 
the 2DHG and the electron gas was confirmed by means of current- voltage characterization 
which showed the expected rectifying behavior with a conduction threshold (~ 1.5 V at 20 
K) consistent with GaAs band gap. The electroluminescence (EL) signal was collected by 
a 0.68 numerical-aperture aspherical lens providing ~ 1/im spatial resolution. EL spectra 
as a function of the junction forward bias (Vf) are reported in Fig. QJb). They exhibit a 
double-peak structure originating from the recombination of neutral (X, E x = 1.523 eV) 
and charged (X + , E x + = 1.518 eV) excitons within the GaAs QW. These recombination 
mechanisms were identified^ by studying the evolution of peak £1X6 clS clS db function of the 
injection current (Fig. [U^c)). Additionally, when Vf > 1.6 V, a shoulder is also visible 
at 1.558 eV, which we attribute to holes recombining with electrons populating the first- 
excited subband. This is confirmed by a self-consistent Poisson-Schrodinger calculation 
yielding an energy difference between the ground and the first-excited subband equal to 32 
meV. A peak due to electron recombination at carbon defects is also present. Moreover 
polarization resolved electroluminscence measurements revealed that emitted photons are 
both clock- and counter-clock-wise circularly polarized in the plane of the QW, consistently 
with recombination mechanism in a GaAs QW. 

The second-order correlation function g^(r) of the emitted photons was measured by 
means of a time-correlated single-photon-counting (TCSPC)^ setup which directly produces 
the correlation count histogram, K(t), as a function of the time delay r between the arrival 
times of two successive photons on two different detectors. The LLEDs were biased with 
periodic -5 V pulses added to a dc voltage (Vd c ). Pulses were applied to the n-type contact 
while keeping the p-type contact grounded. Several combinations of Vd c , pulse widths (t p ) 
and periodicities (T p ) were explored. The rise-fall time of our pulse generator is of the 
order of 2 ns, so that when the nominal t p was set to a value < 5 ns triangular pulses were 
obtained. Taking into account that electron injection into the 2DHG occurs only when the 
applied voltage (V^c plus the pulse) exceeds the diode threshold, the peculiar shape of our 
pulses allowed us to drive the LLEDs in the sub-ns time scale. 

Figure [2] reports the measured g^ 2 \0) as function of Va c , at t p = 3 ns and T p = 80 ns. At 
Vdc = —0.16 V, i.e. in the high-current-injection regime, we found g^ 2 \0) = 1 within error, 
consistently with the value expected for a Poissonian source. Reduction of the current by 
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increasing Vd c led to a suppression of g^(0), down to a value of ~ 0.75 at V^ c = —0.13 V. 
In the low-current-injection regime, our LLEDs therefore behave as sub-Poissonian sources 
and hint at the possibility of true single-photon emission^. 

Insight into the mechanism leading to anti-bunched emission was provided by the analysis 
of the spatial distribution of the emitted light. Spatially- resolved EL measurements [inset 
(a) of [2] show that, when LLEDs are biased just above conduction threshold, light emission 
occurs from localized spots in the junction region whose size is not larger than the spatial 
resolution of our optical setup (~1 ^m). This behavior is explained by the picture of 
electrons being injected through a series of shallow impurities (most probably Ge atoms 
originating from the Ohmic contact fabrication) located in the diode depletion region, whose 
energy is just below the conduction band bottom (Ge impurity binding energy is -5.88 meV 
with respect to the conduction band bottom^). At cryogenic temperatures, the occupation 
number of impurity states is or 1, due to the charging energy, which forbid more than 
one electron to simultaneously occupy the same impurity state. For these reason, at low 
current injection, i. e. when the electrochemical potential of the n-section of the diode 
(/j, n ) is aligned with the impurity level energy, electrons can be injected one by one into 
the impurity centers, where radiative recombination takes place. Evidently, in these regime, 
light emission is, as observed, spatially localized (spot emission regime) and it is expected 
to be anti-bunched. A further increase of fi n leads to electrons being directly injected into 
the conduction band in the p-section of the device. In this regime single-electron injection 
is not expected to occur: spot-emission regime is suppressed and luminescence comes from 
the whole region surrounding the n-contact (inset (b) of [2]) . Considering the nature of 
the injection mechanism, we believe that the working temperature range of the device is 
determined by the Coulomb repulsion energy scale, which is typically ~1 K and below. 
Temperature characterization of photon emission statistics confirmed this hypotheses, indeed 
anti-bunched light was not observed above 4K, which constitutes an experimental upper- 
bound for the device operation temperature. 

In our experiments, we did not observe the complete vanishing of g^^O). In fact the 
minimum observed value of g^ 2 \0) ~ 0.75 can only be reduced to an estimated true value of 
~ 0.73 by taking into account the dark counts of our detectors (25 s _1 ). This demonstrates 
that multi-photon emission still occurs even if suppressed. A likely origin of this multi- 
photon emission may be found in the amplitude-jitter of the voltage source. In fact, if we 
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define a single- {V S i ng i e ) and a multi-electron (y mu iu) injection threshold, when the forward 
bias overcomes V mu iu two or more electrons can be injected at a time, giving rise to multi- 
photon emissions and correlation counts at zero time delay. On the contrary, when V S i ng i e < 
Vf{t) < V mu iti, only one electron at a time can be injected. Emission of a single-photon per 
pulse from one spot can be expected if in each excitation period V sing i e < Vf(t) < V m uiti for 
a time interval shorter than the electron radiative lifetime (r e ~ 1 ns). The width of the 
peak at zero time delay is then given by the sum of r e and the time interval during which 
Vf(t) > Vmuiu, while the width of the other peaks is the sum of r e and the time interval 
during which V f (t) > V sing i e . 

To test this hypothesis we attenuated the pulse signal by 8 dB to reduce the amplitude 
jitter. In order to compensate for the lower excitation signal, we increased (in absolute value) 
Vdc- Figure EJ^a) shows the second-order correlation function collected in these conditions. 
The total number of coincidences Kj for each peak % was obtained by the integral of peaks 
area, yielding K ~50 against the average value of ~75 for the other peaks, which have 
a constant Kj^o value, within the error bar. Although the collection efficiency of present 
devices is quite low (collection time was ~12 hours), it can be improved by embedding the 
LLED in a vertical cavity^ 1 ^ that is the standard technique to implement QD-based single 
photon sources. The extracted g^(0) for this data set was the lowest we could obtain and 
is 0.7±0.1. The analysis of the width of the peaks of K{t) is reported in Fig. [3]^b) for the 
datasets collected at Vd c = —0.16 V and V^ c = —0.13 V (corresponding to g^(0) = 1.0 ±0.1 
(red squares) and g^ 2 \0) = 0.7 ± 0.1 (blue circles)). A reduction of the width of the peak 
at zero time delay for the second dataset is evident. 

In conclusion, we demonstrated anti-bunched emission from a lateral p-n junction by 
means of second-order-correlation-function measurements yielding a measured minimum 
value of g 2 (0)=0.7±0.1. The width difference between the peak at zero-time delay and 
the peaks at different delays when the LLED emits in anti-bunching regime confirms the 
generation mechanism of the anti-bunched light proposed in this letter. 
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FIG. 1. (a) Fabrication scheme of the p-n lateral junction. The yellow shapes represent the p-type 
and n-type contacts. The red and blue shaded areas respectively represent the n- and p- doped 
region induced by the annealing procedure, (b) Electroluminescence spectra collected increasing 
the forward bias from 1.45 V to 1.95 V in steps of 0.05 V at a temperature of 10 K. At lower injection 
current the emission, characterized by a double-peak structure, is originated by recombination of 
neutral excitons and positively-charged excitons. Increasing the injection current a third peak at 
lower energy appears originating from recombination of electron trapped in carbon defects within 
the GaAs. At higher injection current a fourth line appears due to recombination from the first 
excited sub-bands, (c) X, blue dots (X + , black squares): areas of the emission peaks centered 
at 1.523 eV (1.518 eV) as a function of the injection current in logarithmic scale. The areas are 
derived by means of a best-fitting procedure with a sum of two Lorentzian. The linear fits, shown 
as dashed lines, yielded slope values of Ax = 2.3 ± 0.3 (A x + = 0.8 ±0.1). This is consistent with 
the expected faster increase of the peak area of the neutral excitons with respect to that of the 
positively charged exciton in a 2DHGi2. 
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FIG. 2. g( 2 )(0) as a function of (Vdc)- The p-type contact was grounded. The value of g( 2 )(0) 
is derived from the ratio between the correlation counts K at r =0 and the average among the 
correlation counts of the peaks with t / 0. Lowering the injection current the value of g( 2 )(0) 
decreases down to 0.8 ±0.1 demonstrating anti-bunched emission. Insets: Spatially resolved elec- 
troluminescence measurements of the junction region in the spot-emission and in the high-injection 
regimes at a temperature of 4 K. The scale of the light intensity is in arbitrary units. Emission 
maps were recorded by focusing emitted light on a CCD camera, through a 10X microscope ob- 
jective. The resolution of this setup is much lower than that obtained with the 0.68-NA aperture 
lens. Temperature was 4 K. The edges of the n-contact (red line) and of the 2DHG (blue line) are 
also reported, (a): Spot-emission regime. The device was forward biased with Vd c = —0.96 V plus 
voltage pulses with width and periodicity of 5 ns and 100 ns respectively. The scale of the light 
intensity is in arbitrary units, (b): High-injection regime. The device was forward biased with 
Vdc = -3 V. 
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FIG. 3. (a) Correlation counts (K) as a function of the delay time (r). The LLED was biased with 
pulses of 3 ns of width, with a repetition period of 80 ns and Vrf c =-0.86 V. The pulse amplitude 
was reduced by a 8-dB attenuator lowering the amplitude-jitter. After a collection time of 12 hours 
we measured about 80 correlation counts at each peak. The measurement shows equally-spaced 
peaks, indicated by the arrows and labeled with the peak index PI. A suppressed 0-time delay 
peak proves the anti-bunched emission, as confirmed by the calculated value of </ 2 ^(0) = 0.7 ± 0.1. 
(b) Width of the peaks as a function of the peak index when the LLED emits Poissonian light 
(g^ 2 '(0) = 1.0 ± 0.1, red squares) and in antibunching regime ( 5 ( 2 )(0) = 0.7 ±0.1, blue dots). 
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